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Abstract 
Chitosan Thin Films as Metal Ion Sensors and Structurally Colored Coatings 
Holly Alice McIlwee 
Caroline L. Schauer, PhD. 
 
 
 
 
The sensitive and selective detection of heavy metal ions is important in 
environmental and biomedical applications. A new system incorporating chitosan and 
optically interesting metallic nanoparticles has been used to create a cost-effective, 
selective metal ion sensing platform. The system utilizes surface plasmon resonance 
(SPR) and localized SPR spectroscopy (LSPR), which detect shifts in the oscillation 
frequency of gold films or nanoparticles induced by changes in the dielectric contrast of 
the surrounding matrix. High selectivity is achieved by introducing a known chelating 
polymer as the surrounding matrix. Chitosan is an attractive natural polymer for 
numerous reasons. It is a renewable resource and waste product of the seafood industry 
and it is in abundant supply. It is biocompatible, biodegradable, and it has been modified 
in previous studies to be selective for different metal ions. The dielectric contrast change 
in a gold nanoparticle containing chitosan thin film has been shown to be an effective 
sensor for Fe3+ and Cu2+. This system is of interest because of the possibility for 
sensitivity increase due to modification of the chitosan structure as well as nanoparticle 
size, shape, and configuration. 
In addition to being a known chelator, chitosan also exhibits structural color. The 
structural coloration of chitosan thin films have been studied previously, but new 
applications such as color tunable paints and cosmetics, as well as packaging and 
coatings call for structural color which is independent of a silicon substrate. Examples in 
 
x 
 
 
nature are the intense coloration of butterflies, snakes, hummingbirds and peacocks 
whose color is created by the differences in the refractive index of stacked thin film 
layers comprised of alternating materials, such as chitin and air which have a high and 
low index of refraction respectively. Colored polymer thin films can undergo perceptible 
color shifts when geometric periodicity of the layers is varied. In our attempts to better 
understand these processes, stacking of structurally colored polymer thin films of varying 
index of refraction as well as altering geometries to achieve this effect were investigated 
herein.  
 
 
 
  
1 
 
1. Introduction 
1.1 Water Pollution 
Metal ion poisoning through polluted water supplies is a potentially deadly 
problem causing neurological dysfunction and in some cases cancer.1 Metal ions are cited 
as the second most abundant water contaminant in the United States with the most 
prevalent ion being mercury.1 The Environmental Protections Agency (EPA) reported to 
Congress in October 2007 that 47% of assessed lakes, ponds, and reservoirs, totaling 
approximately seven million acres, in the US are impaired.  “Impaired” is the most severe 
category of contamination given by the EPA and corresponds to water that cannot 
support one or more of its intended uses such as swimming or drinking.1  
Mercury is the 67th most abundant element in the earth and is often released into 
the atmosphere by degassing of the earth’s crust. It is also industrially produced by fossil 
fuel combustion and other activities totaling 170,000 tons mercury contaminated of waste 
per year. Organic mercury, primarily methylmercury, [CH3Hg]+, occurs in water because 
of erosion and improper waste disposal. In lakes, streams, and the ocean methylmercury 
is readily absorbed by plankton, which are eaten by fish, and in turn consumed by 
humans. The mercury easily crosses cell membranes including blood and brain cells. 
Methylmercury is most readily absorbed in the brain and is oxidized into Hg2+. Acute 
mercury poisoning causes loss of myelinated nerve fibers, autonomic dysfunction, and 
abnormal central nervous system cell division.2 Congenital poisoning, a result of 
mercury’s ability to cross the placenta, has been shown to cause mental retardation, 
cerebral palsy, deafness, and blindness.2-4 Mercury poisoning has also recently been 
linked to the neurodevelopmental syndrome, autism. The symptoms of sensory, immune, 
 
2 
 
neurological, motor, and behavioral dysfunctions are associated with autism and found in 
mercury poisoning cases.5 
The EPA cites mercury as a leading contaminant in US water, but arsenic, lead, 
and chromium are also in abundant supply in America and abroad. Arsenic is another 
metal present in the earth’s crust. Ar(III) is the most toxic form of the element and has a 
high occurrence in fish.6 Although the EPA sets a limit of 50 µg/l,7 13 million Americans, 
mostly in western states are exposed to drinking water at levels of 0.1 mg/l.6 Ingestion of 
arsenic contaminated water has been linked to increased risk of lung, liver, bladder, and 
kidney cancers.8 This statistical link was strengthened by the discovery of arsenic in these 
tissues.9 Levels of exposure in America are significantly lower than those seen in 
countries such as Bangladesh and West Bengal, which are commonly exposed to 1 mg/l, 
a level 100 times higher than the exposure limit set by the World Health      
Organization.8, 10-16  
The International Agency for Research on Cancer and The US Toxicology 
Program cite hexavalent chromium as a pulmonary carcinogen.17 Less toxic trivalent 
chromium and toxic hexavelant chromium are present in US drinking water at mean 
levels of 1.8 µg/l.18 Cr(VI) is most commonly found in shallow groundwater with pH 6-8. 
At low levels, the human body can reduce Cr(VI) to the less toxic Cr(III), but levels 
higher than 0.012 µg/l have shown an increased risk of lung cancer, as well as allergic 
reactions in the skin and lungs.18-20 
The National Institute of Environmental Health Sciences (NIEHS) states that lead 
poisoning is one of the most persistent metal contamination issues. This problem is 
difficult to combat because it occurs in low income homes where aging paint exists and 
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eroding lead pipes are carrying the household’s water supply.21 These contaminants are 
difficult to locate because there is not a single contained source, but many individual 
sources. Lead poisoning is known to cause nervous and reproductive system damage and 
is especially harmful to fetuses and young children. For these reasons it is especially 
important to implement a sensor system to detect levels of lead, and other harmful metals 
in drinking water throughout the world. 
1.2 Detection Strategies 
Multiple methods exist for determining the presence of metal ions in water.  
Atomic Absorption Spectroscopy (AAS)22, 23 is a technique used to determine the 
concentration of certain metals in a liquid sample. There are two types of AAS: Graphite 
Furnace AAS (GFAAS) and Flame AAS (FAAS). The basic setup includes an ultraviolet 
lamp, a heat source (graphite tube with strong electric current for GFAAS and nebulizer 
for FAAS), and a detector. The sample is heated and the transmission of UV light 
transmitted through the flame is measured. If a metallic sample is present, it will absorb 
certain wavelengths of light dependent on the energy necessary for the element to reach 
the excited state.  
In an experiment to determine the amount of barium in gunshot residue, Goleb et 
al. used GFAAS to detect levels as low as 10 μg/l. AAS equipment is only moderately 
expensive, on the order of $10,000, but multiple wavelength lamps are necessary for 
multi-element detection or multiple passes. Sample containers must be free of any 
contaminant metals, although sodium chloride and calcium oxide from human skin were 
not found to interfere with the results in this test. The major limitations in this technique 
are that it is a destructive test and measurement times can run up to 1 hour.22 
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Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS)24 is currently the most 
sensitive detection technique and is useful for multiple elements, as well as their isotopes. 
The technique utilizes a plasma formed from Ar gas to atomize and ionize the sample 
being measured. The ions are passed into a mass analyzer under vacuum and the mass-to-
charge ratio ቀ௠
௘
ቁ is measured. Isotopes are determined by their ቀ௠
௘
ቁ on the resulting mass 
spectrum. The measured intensities correspond to concentrations when the system is 
appropriately calibrated. ICP-MS has a very high sensitivity with detection limits as low 
as 1-10 ng/l. The major drawback to this system is its high cost. It is typically three times 
more expensive than GFAAS. 
Electrochemical-based detection methods exist, and include Anodic Stripping 
Voltammetry (ASV) and Electrochemical Impedance Spectroscopy (EIS).25-34  ASV is an 
analysis technique in which metals are deposited onto a mercury electrode and then 
reoxidized during the stripping step to remove them from the electrode generating a 
current signal. Because of the preconcentration of the sample, detection limits are 
comparable with AAS or ICP-MS in the parts per billion (ppb) to parts per trillion (ppt) 
range while remaining relatively inexpensive. One major drawback to this system is that 
only 12-15 metals can be detected and distribution of the metal phase is very important 
for accuracy and sensitivity of the measurement. 
Optical techniques are another alternative for the detection of heavy metal ions. 
Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR) Spectroscopy 
is one example of a technique which measures samples optically. Although there are 
variations on the setup of ATR-FTIR, a typical setup includes: infrared beam, high 
refractive index (n) prism on which the sample is deposited, and detector.  Generally, the 
 
5 
 
operation of infrared ATR consists of the beam being directed at a beveled edge of the 
prism and because of the high n of the prism, the beam is internally reflected throughout 
the prism. When the beam reaches the opposite end of the prism, it is detected at another 
beveled edge and changes caused by the evanescent wave in the sample next to the prism 
are detected.35 One single detection technique which meets the needs of society by 
finding trace amounts of poisonous metals in drinking water while remaining affordable 
for the developing countries does not currently exist. 
1.3 Surface Plasmon Resonance Spectroscopy (SPR) 
Surface Plasmon Resonance (SPR) spectroscopy has emerged as a powerful 
optical sensing technique based on sensing Δn of a medium adjacent to a metallic surface. 
The attractiveness of using SPR sensing is that the formation and decomposition of an 
analyte/ligand complex can be monitored in situ, yielding kinetic data in real time 
without having to label the sample or incorporating an internal standard.  
Surface plasmon waves are the collections of vibrations of electron gas around the 
atomic lattice of a metal. They can propagate across a metallic surface due to electron 
vibrations. When surface plasmons couple with a photon which is incident upon the 
surface of the metal, a surface plasmon polariton (SPP) is created which causes a 
decrease in reflection of the incident light. SPPs are enhanced by binding events adjacent 
to the metallic surface. Liedberg et al. were the first to realize SPR as a useful label-free 
detection technique to study immunoglobulin antiobodies binding to a Au surface.36  
The basic set up of SPR is seen in Figure 1. The sample is situated on the surface 
of a prism in a quartz cuvette. In short, an incident beam is directed at a vibrating mirror 
used to control the scanning of the laser onto the bottom of the sample. Two beams are 
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used to compare the signals of the ligand coated section of the sample and the exposed 
Au surface. The reflected waves are detected by two photodiode detectors yielding 
information about binding events occurring during scanning. 
 
 
 
Figure 1. Typical SPR set up. 
 
 
 
 
SPR is an alternative to current systems for detection of heavy metal ions, 
however the selectivity of SPR is low, meaning that any molecule adjacent to the metallic 
surface that changes n will induce an SPR response.  
1.3.1 Mediums 
Selectivity of an SPR sensor platform can be enhanced by appropriate selection of 
the medium surrounding the metallic surface. Figure 2 shows a schematic of a sensor 
chip. The SPR response is dependent upon the n, or dielectric constant (ε) of the 
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substrate, metal (in this case Au), and the surrounding medium. SP waves propagating 
across the surface of the Au layer are affected by any molecules attached to the surface, 
unless the surrounding medium is selective. 
 
 
 
Figure 2. Typical SPR sensor chip.  
 
 
 
 
 
Several innovative recognition elements have been developed and deposited on 
Au thin films for SPR sensing. Schiffrin et al. monitored Pb2+, Cu2+, and Cd2+ with an 
SPR system by using a dithiozine-based sensing layer.37 Koh et al. used a squarylium dye 
containing polymeric thin film for sensing Cu2+ at concentrations as low as 1 pM.38 By 
coating the sensing surface with peptides, Forzani et al. selectively detected Cu2+ and 
Ni2+ at levels of 1.6 nM and 41 pM respectively.39 While self-assembled monolayers 
(SAMs) of thiols on Au are a very attractive approach for heavy metal sensing, the 
potential pH range in which they are stable is limited.33 
Recently the biopolymer, chitosan, has emerged as a viable material for biological 
sensing studies. Not only is chitosan a useful polymer for biological molecule absorption, 
it also has been shown to chelate metals. Yang et al. studied the membrane perturbance 
effect of chitosan by analyzing SPR results of a chitosan layer attached to a lipid bilayer 
on an Au slide.40 Shigemasa et al. studied specific binding of chitosan-sugar hybrids with 
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UEA1 and ConA lectin by SPR.41 Rivas et al. used SPR to monitor the construction of 
dsDNA and chitosan derivative onto a thiolated Au surfaces.42 San Román et al. used 
SPR to monitor the modulation of protein absorption onto chitosan surfaces.43  
1.4 Chitosan as a Metal Ion Binding Agent 
After cellulose, chitin is the second most abundant natural biopolymer on earth. It 
is composed of β(1→4)-linked 2-acetamido-2-deoxy-β-D-glucose (N-acetylglucosamine) 
(Figure 3) and is synthesized by a number of living organisms such as crabs and fungi. A 
limiting factor in the processing, modification, and application of chitin and chitosan is 
chitin’s low solubility in most organic solvents and chitosan’s solubility in only aqueous 
dilute acids. However, a variety of applications and consequent control of material 
properties, can be achieved by the controlled insolubilization of chitosan and chitosan 
derivatives via network formation by cross-linking with aldehydes, epoxides, 
diisocyanates, metal ions, and other agents. 
Chitin occurs in nature as ordered microfibrils, and is the major structural 
component in the exoskeletons of arthropods and the cell walls of fungi and yeast. The 
main commercial sources of chitin are crab and shrimp shells, which are abundantly 
supplied as waste products of the seafood industry.  Because chitin is not readily 
dissolved in common solvents, it is often converted its more deacetylated derivative, 
chitosan44  in a process involving removal of acetyl groups from the chitin backbone and 
replacement with amine groups.45 
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Figure 3. Structure of chitosan composed of  β(1→4)-linked glucosamine (X) and N-
acetylglucosamine (Y). 
 
 
 
 
Chitosan is often identified by its degree of deacetylation (DD), a percentage 
measurement of free amine groups along the chitosan backbone.  Generally, the material 
is considered chitosan when it becomes soluble in dilute acidic solutions, which occurs 
when DD ≥ 60%.46 Because of its ease of solubility, chitosan is preferred over chitin. 
Chitin and chitosan are both biocompatible, biodegradable, nontoxic, anti-microbial and 
hydrating agents.  Chitosan has gained recognition lately for its technological importance 
because of potential uses in applications such as sensors, anti-fouling coatings, and 
components of multilayer packaging.44  
As previously stated chitosan is also notable for its ability to bind metals. The 
high nitrogen content (6.89%) and subsequent amine linking are responsible for the 
chelating ability of this polymer.47 Chitosan can chelate a wide variety of metal ions.47-54 
Many factors determine the capacity for absorption of metal ions including pH, 
concentration, temperature, percent deacetylation, interaction time, and chain length.55 
The ability to bind metal ions depends not only on physical parameters but heavily on the 
preparation method of the chitosan sample.  
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Tanibe et al. observed absorption of Hg(II), UO2(II), Cd(II), Zn(II), Cu(II), and 
Ni(II) by a polyaminated chitosan resin.56 Shyu et al. performed equilibrium and kinetics 
studies of chelation of Cu(II) by ionically crosslinked chitosan-tripolyphosphate beads.57 
And Simpson et al. used chitosan flakes to study absorption of Cu(II), Cd(II), Pb(II), and 
Zn(II) ions and found that the greatest absorption was for Cu(II).58 
When a dissolved analyte binds to an amine site along the polymer backbone, film 
reflectance properties can be altered, either because of a dimensional change in film 
thickness or an optical change in the film effective n.55 Based upon the fact that chitosan 
films have already been used for SPR detection of biological molecules and have also 
been proven as effective metal ion chelators, using chitosan thin films for SPR detection 
of metal ions is a logical next step.  
1.5 Localized Surface Plasmon Resonance Spectroscopy (LSPR) 
One drawback of the SPR system is the high cost of the equipment and sensing 
surfaces, but a simple modification to the conventional SPR system makes it possible to 
utilize the surface plasmon phenomena in combination with standard laboratory 
equipment. As the size of a metal structure decreases relative to the bulk film from meters 
to µm and to the nanoscale (<100 nm), the movement of electrons through the internal 
metal framework becomes restricted. A sensing technique called Localized Surface 
Plasmon Resonance (LSPR) can easily be utilized. By replacing solid Au films with Au 
nanoparticles (NPs) which have a distinct absorption band in the visible spectrum 59 that 
can be recorded by conventional UV/Vis spectrophotometer (Figure 4), LSPR measures 
charge density oscillations when incident light resonates with conduction band electrons 
at NP surfaces. 
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Figure 4. Basic set up of UV/Vis spectrophotometer. 
 
 
 
 
Metal NP’s such as Au and Ag are optically interesting due to their absorption 
bands in the UV/Vis range. In addition metal NPs exhibit localized surface plasmons 
when the wavelength of incident light is larger than the particle size. Resonance 
conditions are dependent on characteristics of the metal NPs as well as the Δn between 
the NP and the surrounding medium.  
LSPR is also sensitive to changes in the local environment and any change in 
thickness or n will result in a significant shift in λmax. LSPR can therefore detect an 
immediate increases in thickness of a biomolecular layer caused by a reaction between 
the solution component under study and the receptor layer immobilized on the NP, and 
provide real time information on the course of binding. LSPR excitation not only results 
in wavelength selective photon absorption and scattering, but also leads to a dramatic 
enhancement of the local electromagnetic field near the surface of the NPs.60  
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Absorbed molecules can be detected by the observed change they induce in the 
electron density on the surface, resulting in a shift in the surface plasmon absorption 
maximum (λmax).61 While the use of LSPR interfaces has been widely employed over the 
past years for biological sensing,62-69 the examples shown for chemical sensing via 
surface-based LSPR are mainly based on the investigation of the change in the n of the 
external medium.66, 70, 71 Figure 5 shows a typical LSPR surface with Au NPs situated on 
a glass substrate surrounded by a ligand layer. 
 
 
 
Figure 5. Typical LSPR sensor chip. 
 
 
 
 
 
Rubinstein et al. showed that LSPR can be used to follow electrostatic binding of 
Cu2+ and protophorphyrin IX to carboxy-modified Au NPs.72, 73,74 Recently the detection 
of Ni2+ and Pb2+ on colloidal Au modified optical-fibers has also been shown by Cheng et 
al.75  
Chitosan capped Au NPs have been used for heavy metal ion LSPR sensing of 
Cu2+ and Zn2+ in solution.76 The detection was based on the Δn due the chelation process 
matrix. This was visualized using the LSPR properties of the Au NPs embedded in the 
matrix. Because the variability of the Au NP size and shape as well as chitosan’s 
functionality play such an important role in the sensitivity and selectivity of LSPR 
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sensors, there are many research opportunities to pursue in order to optimize this sensor 
technology.  
1.6 Structural Color – Butterflies and Beetles 
In addition to chelation, chitosan can be utilized for another interesting and useful 
property: structural color.  When incident light excites an electron to a higher energy 
level and the electron falls back to its original state, energy is released. When the energy 
released is in the form of a photon, colors are observed. But, structural color is an optical 
phenomenon in which colors are observed in a structure because of interference effects 
with incident light instead of as a result of pigments or dyes. When light encounters 
materials with minute structural features (on a comparable size scale to light 
wavelengths), it is subject to a variety of optical effects including single- and multi-layer 
thin film interference, diffraction grating effects, photonic crystal effects, liquid crystal 
effects and scattering.  
A number of nature's most colorful creatures, including many insects and marine 
animals, reflect vibrant colors using a mechanism of stacked, thin layers of biomaterials. 
These stacked structures act as one dimensional photonic crystals, allowing selective 
reflection of certain wavelengths of light, while negating other wavelengths by out-of-
phase interference.77 Originally described by Hooke, the intense coloration of butterflies, 
hummingbirds, and arthropods is due to reflective interference by stacked thin layers of 
film comprised of materials with alternating high and low n.78 
Blue Morpho butterflies, green Colloodes grayanus beetles, and gold 
Anopograthus parvulus beetles are three particularly interesting examples of structural 
coloration because of the architecture from which the color is derived. Butterfly wings 
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have extremely intricate “void” architectures. An example of this can be seen in scanning 
electron microscope (SEM) images taken by Jessica Schiffman in Figure 6 of a Painted 
Lady Vanessa cardui butterfly (1). Five images are taken in SEM with each one at higher 
magnification from the “shutter-like” structure at 85x magnification (2) to the “ladder-
like” or void structure at 12,410x magnification (6). 
 
 
 
Figure 6. Scanning Electron Microscope Images of Painted Lady Vanessa cardui butterfly wing 
structure. 
 
 
 
 
    Butterfly wings are composed of chitin (n = 1.56) and have many complex 
voids throughout. The voids are filled with air (n = 1.0).79 It is this difference in n which 
leads to the reflection of light and interference resulting in intense color. Parker et al. 
have done extensive work studying these natural systems and working to replicate them. 
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It was shown that if the veins of a butterfly wing were filled with acetone (nchitin > nacetone 
> nair) the butterfly wing turned green. In 2007, Parker et al. were able to create a replica 
of a section of a blue Morpho butterfly wing with the Focused Ion Beam Chemical Vapor 
Deposition (FIB-CVD) method which reflected in the 440nm range at 30º, but the 
structure was only able to be created over a few microns surface, where the blue Morpho 
butterfly has a wing span of several centimeters.80  
Photonic crystals are structures comprised of materials possessing dielectric 
contrast, arranged with periodicity comparable to the size of a wavelength of light. 
Crystal structure controls the propagation of light through the material (similar to the 
method by which semiconductors control electron motion). Some wavelengths of light 
may not be allowed to propagate through a photonic crystal, and make up its photonic 
band gap. Photonic crystals can be created with composite materials (made of two or 
more materials with dielectric contrast) these materials exhibit structural color, caused 
mainly by interference of the periodically ordered species. The matrix material provides 
stability and may allow deformations that change the distance between the NPs/void 
spaces, leading to changes in reflected structural color. 
Parker et al. have also devoted much effort to studying the green Colloodes 
grayanus beetle and the gold Anopograthus parvulus beetle.80 Instead of a void structure, 
the beetles possess a layered structure. The structure is composed a high refractive index 
material and a low refractive index material. Values of nhigh = 1.73 and nlow = 1.40 were 
used for modeling reflectance and transmittance of multilayer stacks.81 It is known that 
there is a lack of data concerning the refractive indices of the materials in beetles. 
Reported refractive index values for chitin are n ≈ 1.56. Parker compared use of the 
 
16 
 
values n = 1.56 and 1.73 in a computer model and it was realized that the value of n = 
1.73 is optically correct in reflection and transmission. Using a value of n = 1.56 for the 
high refractive index materials produces reflection in the same green + yellow range, but 
with reduced reflection. 
 Parker has shown that there are three configurations for stacked layers to achieve 
wavelength-independent reflectance in biological systems: (a) regular multi-stacks, (b) 
‘chirped’ stacks, and (c) ‘chaotic’ stacks, as seen in Figure 7. From scanning electron 
imaging, it has been discovered that the coloration of the green Colloodes grayanus 
beetle is derived from construction (a) and coloration of the gold Anopograthus parvulus 
beetle is derived from construction (b). 
 
 
 
 
Figure 7.  Three configurations for wavelength-independent reflectance: (a) regular multi-stacks, 
(b) ‘chirped’ stacks, and (c) ‘chaotic’ stacks. 
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Many efforts have been made to replicate nature’s structural color by groups such 
as Parker et al., and Murray et al.77, 82 Work published by Ligler et al. describes the thin 
film spin coating deposition of chitosan to achieve specific control of reflective properties 
of a vertical grating.83 Ligler and colleagues recognized that interference effects change 
depending on the thickness through the film.  
Schauer et al. continued this work to realize structural coloration in chitosan thin 
films and to mimic the interference effects observed in butterflies.55 These structurally 
colored films were investigated as potential metal ion sensors. By combining the 
chelation abilities and structural color of chitosan thin films, Schauer et al. created a thin 
film sensor, which changed colors when a metal bonded to the chitosan backbone, 
causing a dimensional change in the thickness of the film. These physical and optical 
changes alter the path length of reflected light and, thus, change the perceived film color. 
Figure 8 displays the comparison between the structural color of a blue Morpho butterfly 
and a laboratory-made chitosan thin film. 
 
 
          
Figure 8.  (a) Blue Morpho butterfly and (b) spin coated chitosan thin film. 
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The structural color observed by Schauer is a result of the reflective surface onto 
which chitosan films are deposited. Polished silicon wafers are used as the substrate for 
deposition. The perceived colors of these films shift according to Bragg's law (1), in 
which the optical path length is a function of the film thickness and n.  
                             ݊ߣ ൌ 2݀ݏ݅݊ߠ                                                 (1) 
 
 
                           
Figure 9.  Light reflectance in a thin film. 
 
 
 
Light reflecting from the air-film surface undergoes constructive and 
deconstructive interference with light reflected at the underlying polymer-substrate 
interface because its thickness is on the order of a wavelength of light, leading to 
selective wavelength reflection as seen in Figure 9. Controlling the stacking of thin 
biopolymer films and creating structural color which is independent can be challenging. 
This technology has the possibility of being utilized for various materials applications, 
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such as antifouling coatings, novel materials for camouflage, paints, cosmetics, nail 
polishes, antireflective surfaces, display technology, photonic devices and bioanalytical 
sensors. 
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2. Background 
2.1 Chitosan Studies 
  Studies have detailed the synthesis of sulfur-containing chitosan derivatives.84-86 
Such thiolated chitosan materials have been noted for their good adsorption properties for 
a variety of metals, including mercury, cadmium, lead, and chromium.87-89 Cathell et al. 
produced thin films of thiol-modified chitosan derivatives. 90  
These thiolated chitosan films exhibited different metal selectivity and sensitivity 
compared with films of unmodified chitosan. Sulfur content of the modified chitosans 
was quantified by atomic absorption and UV-VIS spectroscopy with Ellman’s reagent,91 
and general characterization was performed using nuclear magnetic resonance (NMR) 
spectroscopy and Fourier Transform Infrared (FTIR) spectroscopy. The changed metal 
selectivity of the modified chitosan films was attributed not only to the addition of thiol 
pendant groups, but also to the diminished availability of free amine functionality along 
the chitosan chains. This work also demonstrated that selectivity for a particular ion could 
be tuned by adjusting the ratio of thiol/amine groups. 
Films of thioglycolic chitosan containing 2.82% sulfur were selectively red 
shifted by four solutions, containing Hg(NO3)2, CrCl3, Cr(NO3)2, and CrO3. However, a 
second thioglycolic chitosan formulation, containing 6.67% sulfur, elicited a red shifted 
response from solely the Hg2+ solution. Cathell et al. were able to realize a thin film 
optical sensor which is selective for absorption of Hg2+.90 
 The chelating ability of chitosan to incorporate metallic NPs into chitosan films 
has been utilized to create a sensor for optical detection of catalyst exhaustion.92 Metallic 
NPs such as Au, Ag, and Pt are effective catalysts for a variety of reactions. NPs in 
chitosan and carboxymethyl-chitosan solutions are studied for the fouling of NPs which 
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causes a change in refractive index of the polymer. It is thought that this fouling action 
will cause a change in the perceived color of thin films.  
2.2 Crosslinking Considerations 
Crosslinking is an important step in the construction of chitosan thin films to 
ensure film stability. As previously noted, thin films are spin coated from chitosan 
dissolved in aqueous acidic solutions. [5] Crosslinking the polymer chains creates a film 
that is resistant to degradation and allows a wider variety of applications, including use in 
aqueous in vitro and in vivo environments. One crosslinking agent, synthesized by Welsh 
et al.,93  is 1,6- hexamethylene diisocyanate (HDACS), a thermally activated water-
soluble blocked diisocyanate that forms urea linkages with chitosan amine groups. 
Diisocyanates are usually unstable and insoluble in water, but reacting with a bisulfate 
allows for creation of a water-soluble and stable compound.94 At increased pH or 
temperature, the HDACS forms urea linkages by reacting with amine groups on chitosan. 
The thermally-activated HDACS was found to be stable for several weeks in chitosan 
solutions at room temperature, without initiating hydrogel formation in solution. This 
feature allows the chitosan solutions containing HDACS to be coated and, after spin 
coating, crosslinked by heat treatment. There are numerous other options for crosslinking 
chitosan as well. 
Two other crosslinking alternatives include photocrosslinkable chitosan and 
gelation. Ono et al.95 describe a photocrosslinkable chitosan to which both azide and 
lactose molecules were introduced though condensation reactions (Az-CH-LA). In this 
case it was prepared as a biological adhesive for soft tissues as a possible substitute for 
fibrin glue. An insoluble hydrogel was formed with 60 s. of UV irradiation. Another 
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option for crosslinking chitosan may be addition of glycerophosphate disodium salt (GP). 
Ganji et al.96 studied thermally sensitive chitosan-GP solutions for injectable hydrogels to 
promote anticoagulation and immune-stimulatory activities. Gelation rates were studied 
at 37˚C. For the purposes of gelling on a nail bed, new studies should be performed to 
determine the effects of GP concentration and chitosan solution pH on the gelation rate 
for gelling to occur at room temperature in contact with human skin (36.7˚C or nail 
(33˚C). 
Shyu et al. utilized a naturally occurring crosslinker for stabilizing chitosan 
hydrogels. The crosslinking mechanism occurs by secondary amide linking of the ester 
groups of genipin with the amino group of chitosan. Resulting hydrogels were elastic and 
exhibited pH dependent swelling characteristics.97 
In some applications of chitosan thin films, a controlled degradation process is 
required. In these cases, it is desirable to use a crosslinking agent that is soluble with 
controlled reactivity, or stability, in aqueous chitosan solutions at low pH.93, 94 Other 
crosslinking techniques include chemical crosslinkers such as Resimene®/tetraethylene 
glycol,83 as well as physical processes such as heat treatments,82 which convert chitosan 
to a less soluble chitin-like material. Crosslinking preference is dependent upon the 
application and stability requirements and varies widely in the current literature. 
In addition to HDACS crosslinking, vapor and solution glutarldehyde (GA) 
crosslinking are employed by Schiffman and Schauer for crosslinking of electrospun 
chitosan nanofibers in the Natural Polymers and Photonics laboratory. A study of the 
bulk crystallization properties of practical grade chitosan dissolved in acetic acid (AA) 
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and tetrafluoroacetic acid (TFA) crosslinked by HDACS, vapor GA, and solution GA is 
under currently investigation.98 
2.3 Spin Coating 
Spin coating is a relatively quick and easy technique for creating thin films. Here 
thin films will be defined as polymer layers, of thickness x, consisting of the polymers 
chitin, chitosan, or a derivative of those materials. These layers are deposited on a 
substrate, such as a polished silicon wafer (Figure 10). Chitosan films can be fabricated in 
a number of ways, including as layer-by-layer deposition, electro-deposition, spin 
coating, and casting. Films prepared SPR, LSPR, and structural color studies contained 
herein are fabricated by the spin coating process. 
 
 
 
Figure 10.  Schematic of a biopolymer thin film on a glass or silicon wafer substrate.  
(Figure not to scale) 
 
 
 
As previously noted, chitosan is soluble in a variety of acidic solvent systems, and 
generally forms viscous solutions. These solutions can be coated onto a substrate, such as 
polished silicon, using this relatively simple piece of technology. The spin coater used in 
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the NPP laboratory is a single wafer spin processor (Laurell Technologies, North Wales, 
PA, USA). It is pictured in Figure 11. 
 
 
 
Figure 11. Single wafer spin processor (Laurell Technologies, North Wales, PA, USA) 
 
 
 
 
 
 
A typical spin coating device employs a motorized rotator to spin at speeds up to 
several thousand rotations per minute (rpm), and features a platform to which the 
solution-coated substrate is vacuum-attached. Adjustable parameters on a typical spin 
coater instrument include the spinning acceleration, set point velocity, duration, and 
droplet size. The spin coating process may be regarded as occurring in five stages:  
deposition of solution, acceleration, constant velocity with primarily viscosity-controlled 
thinning, constant velocity with evaporation-controlled thinning, and drying.  
Spin coating is done at speeds typically ranging from 2000 to 6000 rpm, for 
periods of time from seconds to minutes. Final film thicknesses and other properties are 
dependent on material factors such as molecular weight (MW), DD, solution 
concentration, viscosity, and are influenced by processing parameters such as spinning 
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acceleration, set point velocity, duration, and droplet size. Spin coating creates uniform 
and reproducible films in a short amount of time at low cost. For commercialized 
products, spin coating is also a reasonable technology for use in industrial production. 
2.4 Previous work on SPR 
SPR spectroscopy is one of the most widespread analytical tools for measuring 
interfacial interactions.99 Because of the presence of a metal substrate for SPR testing it 
has recently been combined with electrochemical measurements. Currently 
electrochemical SPR measurements are most commonly used for bioanalytical studies.99  
Current work on chitosan/Au interfaces for SPR spectroscopic detection of metal 
ions is part of an international collaboration.100 As previously explained, work performed 
by Schauer et al. focuses on chitosan thin films and their use as chelating agents. In order 
to realize a sensor chip which can be measured by SPR spectroscopy, the expertise of 
Szunerits et al. is employed. Szunerits et al. has previously studied DNA hybridization 
and self assembled monolayer (SAM) formation on Au substrates.101 More recently 
layering of SiOx layers and organosilicon films on Au substrates have been studied.59 
There are reports of the combinations of chitosan and Au for SPR spectroscopy 
but the use of this system for metal ion detection has not been reported. Combining the 
chelating properties of chitosan with the LSPR system has the potential to create a 
successful sensor system.  
2.5 Previous work in LSPR 
One main problem with LSPR spectroscopy is the structural instability of Au NPs 
on a glass substrate surface. In many reports, Au NPs are linked to the sample molecule 
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instead of the substrate. If this is the case, LSPR spectroscopy is no longer a “label-free” 
detection technique.  
Szunerits et al. have focused on developing new interfaces for both SPR and 
LSPR sensing. They have recently developed a method for attaching Au NPs to the 
substrate surface. SiO2 films were deposited by plasma enhanced chemical vapor 
deposition (PECVD) onto gold surfaces. The SiO2 layer has shown good adhesion to an 
Au films as well as to Au NPs.59 
Studies utilizing indium tin oxide (ITO) substrates for deposition of NPs because 
of their good adhesion to NPs and conductive properties have also been investigated. ITO 
substrates can be used for self assembled monolayer formation detection and DNA 
hybridization. It is believed that the biopolymer, chitosan, can be a useful agent for 
stabilizing Au NPs while selectively attracting metal ion contaminants to the surface.101  
2.6 Studying structural color 
  Controlling the stacking of thin biopolymer films is appealing for various material 
applications, such as antifouling coatings, novel materials for camouflage, paints, fabrics, 
antireflection surfaces, display technology, photonic devices and bioanalytical sensors.  
Previously, chitosan thin films made in the NPP laboratory were constructed on 
polished silicon wafer substrates. But in emerging technologies there is a call for 
substrate independent structural colored structures. Therefore current studies are being 
undertaken using polymers, metals, and ceramics and realizing their use as structurally 
colored agents on glass, acrylic, and human nails (keratin). To accommodate multiple 
applications, multiple deposition techniques are being utilized including spin coating, or 
 
27 
 
painting on a surface using brush creating layers whose thickness range from 20-260 nm 
to 0.9-1.2 μm. 
In the past, structural color observed in chitosan and alginate thin films was a 
result of light reflection at the film/silicon substrate interface and their starkly different 
refractive indices (nchitosan=1.56, nsilicon=3.65). In the present case the substrate refractive 
indices are nglass=1.5, nacrylic=1.46-1.55, and nkeratin=1.54.  Creating structural color on a 
glass, acrylic, or keratin surface requires that the film is comprised of material having   
Δn = ±0.05, but preferably Δn = ±0.2 compared to that of the substrate material. Because 
this is not the case with pure chitosan, two construction schemes, based upon the blue 
Morpho butterfly and the green Colloodes grayanus and gold Anopograthus parvulus 
beetles were employed. 
The blue Morpho butterfly has a complex hollow structure as previously 
discussed. In order to mimic this photonic crystal, particles of varying n are introduced 
into the chitosan matrix in order to reflect light throughout the sample and create 
structural coloration. Another scheme is to incorporate particles throughout the film and 
subsequently dissolve the particles to create voids throughout the structure similar to a 
butterfly’s veins. 
Air pockets can be incorporated into the polysaccharide layer to lower the n of 
that layer. One method of creating films with voids is to incorporate a polymer in the film 
that forms a series of domains. The polymer can then be removed by contacting the film 
with a solvent that dissolves the polymer but does not appreciably damage the film. 
Another approach is to mimic the green Colloodes grayanus beetle and the gold 
Anopograthus parvulus beetle. As discussed previously, the beetle’s exoskeleton is 
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composed of a plurality of layers with refractive indicess of nhigh=1.7 and nlow=1.4.81 
Reflection at the interface of the layers is responsible for the structural coloration. This 
can be accomplished in a number of ways, one being to increase n of a chitosan solution 
and layer that with crosslinked layers of pure chitosan.  
 
 
 
Figure 12. Film configurations necessary to observe structural color 
 
 
 
As seen in the film construction in Figure 12(a), in order to see structural color in 
biopolymer thin films with refractive indices between n=1.51-1.55, the film needs to be 
interfaced with a materials resulting in Δn = ±0.05, but preferably Δn = ±0.2. Metallic 
species can be incorporated into thin film. Interestingly, the incorporation of lead ions 
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was able to increase the n of alginate-Ca+2 by 0.05.102 The size of the particles should be 
such that the largest dimension of the particle is less than the layer thickness in which the 
particle resides. Such differences can be exploited to tune color in the films and layer 
with pure biopolymers. 
Figure 12(b) shows a thin film interfaced with a substrate of similar n and light is 
not reflected from any surface and therefore no interference effects are observed, and no 
structural color. 
Metal ion sputter coating is one other way to achieve the layering effect described 
in Figure 12(c). Sputter coating a layer of Pt or a Pt-Pd mixture which is thinner than the 
subsequent layer of polymer is one way to achieve this effect. The refractive index of 
platinum is reported to be n = 2.33. This technique will be discussed further in       
Section 3.3.1. 
In some samples, other polymers can be utilized for layering purposes. 
Poly(2,2,3,3,4,4,4-heptafluoromethacrylate-co-glycidyl methacrylate) (Figure 13(a)) has 
a reported refractive index of n = 1.3. Poly(pentabromo-phenylmethacrylate-co-glycidyl-
methacrylate) (Figure 13(b)) has a reported refractive index of n = 1.7. Layering 
experiments with materials such as these and polymerized titanium methacrylate 
triisopropoxide, which has a measured refractive index of n=1.8, may create the dielectric 
contrast needed for the polymer thin films to exhibit structural color without the aid of a 
high n substrate or intermediate layer. One limitation with such polymer system is that 
deposition into thin films is not well documented for specific polymers such as these. 
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Figure 13.  (a) Poly(2,2,3,3,4,4,4-heptafluoromethacrylate-co-glycidyl methacrylate) (b) 
Poly(pentabromo-phenylmethacrylate-co-glycidyl-methacrylate) 
 
 
 
 
 
 
The use of chitosan or other biopolymers for nail polish has many advantages 
over current nail polish solutions as chitosan is non-toxic, biodegradable, and renewable. 
The novel characteristic of this nail polish is that the solution is colorless in bulk, but 
when the solution is deposited as a thin film it appears colorful (Figure 14). The color of 
these films is structural based, not pigment based like current nail polish solutions. These 
polymers exhibit structural color; therefore the applied color can be changed based upon 
the thickness of the film made. Therefore each subsequent layer applied will produce a 
different color.  
 
 
 
Figure 14. Colorless chitosan solution to colorful thin film. 
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2.7 Characterization Techniques 
2.7.1 Spectroscopic ellipsometry 
Thickness and n are two fundamentally important properties of thin films. The 
optical property n relates the speed of light in vacuum to the speed of light through a 
material, and causes light to vary its directional vector in transparent media. Measuring 
the thickness and n of resulting thin films can be accomplished with a spectroscopic 
ellipsometer, a nondestructive method used to determine physical and optical properties 
of thin transparent films. An ellipsometer measures the change in the polarized state of 
light upon reflection from the thin film sample. A spectroscopic ellipsometer makes this 
measurement over a range of wavelengths, and is sensitive to very thin layers of 
material.103-106 This change is measured at one or more angles of incidence, in a process 
called variable angle spectroscopic ellipsometry (VASETM).  
The sample’s complex reflection coefficients for polarized light beams (parallel 
and perpendicular to the plane of incidence), are given by the Fresnel coefficients Rp and 
Rs, respectively. Stokes parameters ψ and Δ are related to these coefficients by: 
ρ = tan(ψ )eiΔ = ோ௣
ோ௦
 
The weighted mean-square difference between modeled and measured Stokes values is 
calculated. The thickness and optical constants are obtained as a result of regression fits. 
Figure 15 is a schematic of an ellipsometer. It consists of a source which directs a laser at 
a stage where the sample is situated. Before reaching the stage and reflecting to the 
detector, the light travels through a p- and s-polarizer which orients the light to calculate 
Rp and Rs. 
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Figure 15. Spectroscopic ellipsometer set up. 
 
 
 
 
Figure 16. Ellipsometer equipment and sample positioning. 
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2.7.2 Fiber optic reflectance spectrometry 
Among chitosan’s interesting and useful properties is the optical phenomenon 
displayed when it is processed into a thin film. A fiber optic reflectance spectrometer is 
used to characterize chitosan film’s reflected color. A typical fiber optic reflectance 
spectrometer consists of a white light source (often containing deuterium and tungsten 
halogen bulbs), a bundle of optical fibers, sample stage, and detector (Figure 17). Source 
light is carried along a fiber and illuminates the sample surface. Light reflected from the 
sample is collected by other fibers in the bundle and is transmitted to the detector. Within 
the detector, the reflected light is split into component parts with a diffraction grating for 
detection with a CCD array. The resulting signals are used to generate a curve of 
reflected light intensity as a function of wavelength. Reflectance spectrometer data allows 
for a precise characterization of reflected color visible to the unaided eye, as well as 
reflections in the ultraviolet and infrared domains. 
 
 
 
Figure 17. Reflectance spectroscopy equipment. 
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2.7.3 Atomic Force Microscopy (AFM) 
For coatings and films containing additives, it is often important to characterize 
the surface topography of thin film samples. AFM is a modern technique used to measure 
surface roughness of thin film samples. An AFM instrument consists of a sharp tipped 
probe affixed to a flexible cantilever. An image of the sample is formed by scanning the 
tip over the sample surface, either in contact or non-contact modes. The probe may be 
operated in either constant-force or constant-height modes. The cantilever flexes up and 
down in response to attractive or repulsive interactions between the probe tip and the 
sample. The forces underlying the probe–surface interactions include mechanical, 
chemical, and electrostatic, Van der Waals, and magnetic interactions. A laser reflected 
from the cantilever onto a photodiode detector monitors the deflection of the cantilever. 
AFM has been used to characterize root-mean-square (RMS) roughness of chitosan thin 
films.107, 108 In other cases, AFM has been used to observe changes in macromolecular 
organization in films of chitosan and modified chitosan.101  
2.7.4 Optical profilometry 
Another technique useful in characterizing the three-dimensional surface 
topography of a chitosan thin film sample is optical profilometry (OP). OP is an 
interference-based analysis technique. In a white light optical profilometer, the thin film 
sample is situated on a stage beneath a microscope objective lens. A motorized system 
allows either the sample stage or the objective lens to translate vertically. During the 
translation, each point in the thin film sample is brought through the objective’s focal 
plane, and point position is determined through analysis of the white light interferogram. 
While soft surfaces like polymer thin films are easily deformed or destroyed by tip 
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interactions in scanning probe techniques like AFM, optical profilometry offers a 
completely non-destructive analysis. OP can also generate a surface profile with a single 
data acquisition of many square microns, while AFM relies on a slower point-by-point 
rastering system to form a surface image.109 Along with measuring the surface topology 
of a chitosan thin film, OP can be used to evaluate its physical thickness. By applying a 
small scratch in the film, a height step is created extending from the substrate to the film 
surface. By measuring this topology, the film thickness can be evaluated. 
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3. Experimental 
3.1 Metal Ion Detection by Surface Plasmon Resonance Spectroscopy 
 The following experimental description is intended to give the details of the 
preparation, characterization, and testing of a chitosan/Au thin film sensor chip for 
detection of Fe3+ and Cu2+ ions using SPR spectroscopy. 
3.1.1 Film Preparation 
 Substrates composed of 5 nm of titanium and 50 nm of Au were deposited by 
vapor deposition onto cleaned glass slides (76x26x1 mm3, n = 1.58 at λ = 633 nm CML, 
France) by Professor Szunerits in Grenoble, France. The slides were then cleaved into 
10x26x1 mm3 pieces.  
Low MW chitosan (MW = 50–190 kDa and DD = 75–85%) and acetic acid were 
purchased from Sigma Aldrich (St. Louis, MO, USA). The cross-linker, hexamethylene 
1,6-di(aminocarboxysulfonate) (HDACS), was synthesized via a protocol described by 
Welsh et al.39 In short, 6.73 g (40 mmol) of hexamethylene diisocyanate was combined 
with 8.36 g (44 mmol) of Na2S2O5 and dissolved in 15.53 ml of deionized water. This 
mixture was stirred for 20 hours at room temperature. Ten volumes of acetone are then 
added to precipitate the HDACS, which is then filtered with dionized water and dried by 
vacuum.  
Chitosan solutions were prepared by dissolving 0.4 g of chitosan in 30 ml of 1% 
acetic acid. Also HDACS (0.05 g) crosslinking agent was also added to the solution. 
Solutions were mixed using an Arma-Rotator A-1 (Bethesda, MD) (Figure 18). A very 
thin (~5 nm) chitosan film is necessary to get a strong SPR response. Therefore the 
prepared chitosan solution was diluted with 1% acetic acid (AA) at ratios of: 2.5/1; 
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2.5/1.5; 2.5/2; 2.5/2.5 (v/v). All samples were tested to determine the strongest SPR 
response. 
 
 
 
Figure 18. Arma-Rotator A-1 (Bethesada, MD). 
 
 
 
Approximately 0.1 ml of the resulting chitosan solutions was deposited onto half 
of a 10x26x1 mm3 eletrochemical substrate using a disposable transfer pipette. The 
solution-coated microscope slides were spun using a single wafer spin processor (Laurell 
Technologies, North Wales, PA) at 5000 rpm for 30 seconds. Substrates were then 
transferred to a hot plate at a low setting to dry. Once dry, substrates were moved to a 
120°C oven for 2 hours to allow HDACS crosslinking of chitosan. 
 
3.1.2 Characterization  
Profilometry. In order to view a topographical map of our samples to determine 
film thickness, optical profilometry measurements were taken using a Zygo New View 
6000 Optical Profilometer with MetroPro software. This instrument uses non-contact, 
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three dimensional scanning white light and optical phase-shifting interferometry. Vertical 
z-scan measurements are possible ranging from 0.1 nm to 15000 μm with lateral 
resolution of 0.45-11.8 μm. Images were taken with a 10x lens with 14 mm field of view. 
Because chitosan thin films were deposited on half of the substrate, profilometry images 
were taken at the edge of the chitosan film. Therefore step height could be measured. 
AFM measurements. In Grenoble, France AFM measurements were taken using 
a Dimension 3100 model AFM (Veeco, Santa Barbara, CA, USA) equipped with a 
nanoscope IV controller (Digital Instruments) under ambient conditions. Single beam 
silicon cantilevers (AFM-TM Arrow, Nanoworld) with spring constants of ׽42 N/m and 
resonant frequencies of ׽250 kHz were used. All AFM images were acquired in tapping 
mode at a constant force of 5–50 pN. 
To answer a question raised about the affinity chitosan has to binding Fe3+ ions 
instead of Fe2+ ions which may be present in solutions tested, ellipsometry measurements 
were performed to determine difference in the thickness and n changes when chitosan is 
exposed to Fe3+ and Fe2+. Testing was done to make correlations for justification of this 
system’s accuracy. 
3.1.3 Film Testing  
Potassium chloride (KCl), hexamine ruthenium(III)chloride ([Ru(NH3)6]-Cl3), 
iron nitrate [Fe(NO3)3], iron sulfate (FeSO4), copper sulfate (CuSO4) and ethylene 
diamine tetra-acetic acid (EDTA) were purchased from Sigma Aldrich and used without 
further purification. Stock solutions of 500 ppm Fe3+ (~8 mM) and Cu2+ (~7 mM) were 
prepared by dissolving Fe(NO3)3 and CuSO4 in PBS buffer (pH 7.4). Other 
concentrations were made through successive dilution with PBS. 
 
39 
 
 Electrochemical experiments were performed using an Autolab Potentiostat 30 
(Eco Chemie, Utrecht, The Netherlands). The electrode cell is not a conventional three 
electrode cell, but a double channel cell of the Autolab SPRINGL Instruments (Eco 
Chimie, Utrecht, The Netherlands) which allows surface plasmon resonance and 
electrochemical measurements to be performed simultaneously.  
Figure 1 is a schematic of the SPR set up. The instrument used directed polarized 
laser light (λ = 670 nm) at the bottom side of the sensor disk via a hemispheric lens 
placed on a prism (N-BAF-3 having a refractive index of n = 1.58) by means of a 
vibrating mirror (44 Hz) to determine the angle of the plasmon. The reflected light is 
detected using a photodiode. SPR curves were scanned on the forward and backward 
movement of the mirror and the minima in reflectance determined and averaged. 
 In looking for a sensitive and selective sensor, SPR spectroscopy was performed 
by electrochemistry on chitosan/Au substrates is a viable solution. However the SPR 
setup remains relatively expensive and it is necessary to have specialized equipment. A 
simple modification of the substrate will allow for the sensor to be tested by LSPR by 
UV-Vis absorption spectroscopy resulting in a significantly reduced cost. 
3.2 Metal Ion Detection by Localized Surface Plasmon Resonance Spectroscopy 
3.2.1 Film Preparation  
Low MW chitosan (MW = 50–190 kDa and DD = 75–85%) and medium MW 
chitosan (MW = kDa and DD = %) and acetic acid were purchased from Sigma Aldrich 
(St. Louis, MO, USA). 5, 10, and 20 nm Au colloids in water with trace amounts of 
citrate, tannic acid, and potassium carbonate were purchased from Ted Pella (~0.75 A520 
units/ml, nominal diameter: 5, 10, 20 nm) (Redding, CA, USA). The cross-linker, 
 
40 
 
hexamethylene 1,6-di(aminocarboxysulfonate) (HDACS), was synthesized via a protocol 
described above by Welsh et al.39   
Table 1 shows compositions of six different chitosan solutions were prepared. 
Because the size of the NPs is known to have an effect on the SPR’s, three diameters 
were chosen, and two MW chitosan solutions were used to test the effect of the 
surrounding medium. 
 
 
Table 1. LSPR chitosan solutions. 
Chitosan (MW) Solution Au NP diameter 
0.4 g low MW 30 ml 1% AA + Au sol 5 nm 
0.4 g low MW 30 ml 1% AA + Au sol 10 nm 
0.4 g low MW 30 ml 1% AA + Au sol 20 nm 
0.4 g medium MW 30 ml 1% AA + Au sol 5 nm 
0.4 g medium MW 30 ml 1% AA + Au sol 10 nm 
0.4 g medium MW 30 ml 1% AA + Au sol 20 nm 
 
 
 
HDACS (0.05 g) was added to all solutions. The resulting solutions were mixed 
for at least 24 h on an Arma-Rotator A-1 (Bethesda, MD). 
Glass slides were purchased from VWR. The slides were used as received and 
cleaved into 1”x1”x1mm sections.  The film is composed of 5 layers: (a) approximately 
0.5mL of the resulting chitosan solution was deposited onto the entire surface of the glass 
slide substrate using a disposable graduated transfer pipette. The solution-coated 
microscope slides were spun using a single wafer spin processor (Laurell Technologies, 
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North Wales, PA) at 2000 rpm for 30 seconds. Substrates were then transferred to a hot 
plate at a low setting to dry. Once dry, substrates were moved to a 120°C oven for 2 
hours to allow the HDACS to crosslink chitosan (b) 2ml of pure Au colloid solution as 
received was deposited onto the entire film surface and allowed to dry on a hot plate at a 
low setting (c) layer a is repeated (d) layer b is repeated (e) layer a is repeated. This 
protocol is followed for each solution. A schematic of the film construction is shown in 
Figure 19. 
 
 
 
Figure 19.  Five layer LSPR sensor chip. 
 
 
 
 
 
 
 
  
3.2.2 Characterization  
Ellipsometry and Reflectometry. Film thicknesses and n were determined using an 
M-2000U variable-angle spectroscopic ellipsometer (J.A. Woollam Co., Lincoln, NE). 
Data were gathered over a wavelength range of 200 to 1000 nm, at a typical reflectance 
angle of 60º. The n values presented are reported at a wavelength of 589.3 nm (the mean 
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sodium D-line). The refractive indices of the films were calculated using the Cauchy 
parameterization function. Fitting was performed with WVASE32 software (J.A. Woollam 
Co.) using a Levenberg-Marquardt regression algorithm to minimize mean standard error 
(MSE) between the experimentally obtained Ψ and Δ terms and a model curve. Fitting 
was accomplished though adjustment of the Cauchy parameters and thickness in a series 
of error minimization calculations. Convergence was reached when the algorithm was 
unable to minimize the MSE through further iterations, yielding the reported thickness 
and n measurements. Visible reflectance data were recorded using an Ocean Optics 
spectrometer (USB 2000).  
Profilometry. In order to view a topographical map of our sample to determine 
film uniformity, Optical Profilometry measurements were taken using a Zygo New View 
6000 Optical Profilometer with MetroPro software. This instrument uses non-contact, 
three dimensional scanning white light and optical phase-shifting interferometry. Vertical 
z-scan measurements are possible ranging from 0.1nm to 15000 μm with lateral 
resolution of 0.45-11.8 μm. Images were taken with a 10x lens with 14 mm field of view 
after each layer deposition. 
3.2.3 LSPR spectroscopy  
Copper sulfate (CuSO4·5H2O) and iron nitrate (FeNO3·9H2O) were obtained from 
Sigma Aldrich and used without further purification. The optical absorption of Au NP’s 
layers on solid supports was recorded with a Shimadzu UV-2501(PC) Spectrophotometer 
(Japan) in quartz cuvettes with 10 mm path length. The absorbed and scattered light from 
a surface modified with NPs can be monitored by UV/Vis absorption spectroscopy in 
transmission, absorption or reflection geometry. Initial results determined that the 
 
43 
 
response from 5 nm Au NP embedded in chitosan films was strongest with no 
dependence on chitosan MW. All further testing was performed on sensors chips made 
from medium MW chitosan with 5 nm Au NP.  
In the case of the glass/chitosan/Au NP interface an absorption maximum is 
observed at λmax = 517 nm due to the occurrence of the LSPR of the Au NPs embedded in 
the chitosan film. UV/Vis absorption spectra were taken to determine the effect of each 
part of the sensor chip. First a glass slide was measured, then a glass slide with chitosan, 
and then glass slide with chitosan/Au NP film. Next the absorption spectra of Au NPs in 
water and in chitosan were compared to determine the effect the chitosan solution has on 
the Au NP as a surrounding medium. The stability of Au NPs in LSPR sensing is a 
concern. To determine the stability of this system, LSPR data was taken in water over a 
70 hour period. 
Fe3+ concentrations of: 0.0079 μM, 0.097 μM, 0.89 μM, 1.88 μM, 4.11 μM and 
6.5 μM were introduced to the system, and their absorption spectra were measured and a 
calibration curve created. Next, binding and rinsing studies were performed with 6.34 μM 
Fe3+ ions. The sensor chip was measured in water, 6.34 µM Fe3+, and after rinsing the 
surface with water. 
A similar test was conducted with Cu2+ ions at concentrations of: 0.099 µM, 0.5 
mM, 5.98 mM, 10.36 mM and 18.29 mM. A binding and rinsing study was also 
performed with Cu2+ at 6.34 µM.  
3.3 Understanding Structural Color  
 In order to realize a biopolymer thin film which exhibits structural color 
independent of a reflective substrate, the samples in this work were modeled after the 
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structures of the butterfly and beetle, containing voids and layers respectively. Solutions 
of chitosan containing particles or voids to scatter light were prepared and studied with 
spectroscopic ellipsometry, reflectance spectroscopy, and profilometry, among other 
techniques. Layering effects were also studied with the purpose of scattering light and 
creating a structurally colored film. In order to determine the structural color of these 
films, they were deposited on multiple surfaces (i.e. polished silicon wafers, glass slides, 
polymer films, Avon nail strips, and black and white sheets) with multiple deposition 
techniques (i.e. spin coating, sputtering, casting, and brushing).     
3.3.1 Film Preparation 
Introducing voids with polystyrene beads. Low MW chitosan (MW = 50–190 
kDa and DD = 75–85%) and acetic acid were purchased from Sigma Aldrich (St. Louis, 
MO, USA). The cross-linker, hexamethylene 1,6-di(aminocarboxysulfonate) (HDACS), 
was synthesized via a protocol described by Welsh et al.39  
Chitosan solutions containing: low MW Chitosan (0.4 g), 1% AA (30 ml), and 
HDACS (0.05 g) were mixed for at least 24 h on an Arma-Rotator A-1 (Bethesda, MD). 
To create voids, 0.54 ml of 0.33 μm pink fluorescent pre-dyed polystyrene-vinyl-
carboxylic acid (P(S/V-COOH)) fluorescent beads (Fishers, IN, USA) were added to the 
solution by transfer pipette.  
Polished silicon wafers were prepared for coating by first cleaning ~4 cm2 pieces 
using a modified RCA protocol.110 First, the chips were immersed in a solution of 
NH4OH:H2O2:H2O (1:1:5) at 80°C for 5 min. The chips were then rinsed repeatedly with 
water and immersed in a solution of HC1:H2O2:H2O (1:1:5) at 80°C for 5 min. After 
additional rinsing, the chips were dried under a N2 stream.  
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Approximately 2mL of a 1.33% (w/v) chitosan solution was deposited onto the 
entire surface of the silicon chip using a BD 5 ml Syringe (Franklin Lakes, NJ, USA) 
coupled to a Pall Acrodisc 0.45 μm Syringe Filter (Ann Arbor, MI, USA). The solution-
coated silicon wafer pieces were spun using a single wafer spin processor (Laurell 
Technologies, North Wales, PA) at 3000 rpm for 30 seconds. Samples were dried on a 
warm hot plate. 
The presence of beads in the films cannot be seen by the naked eye. But becasue 
the films fluoresce, a 366 nm UV lamp could be used to confirm the presence of the 
beads throughout the film. Afterwards ellipsometry measurements, optical microscope 
images, and profilometry images were taken on 0.33 μm bead-filled films.  
In an effort to remove the P(S/V-COOH) beads, the samples were placed in a 
glass Petri dish and covered in THF in order to dissolve the beads. Ellipsometry 
measurements and profilometry images were taken. Samples were inspected under UV 
light afterwards to determine if the beads were dissolved and removed from the film 
without destroying the chitosan film. 
Introducing voids with biodegradable 2-oxepanone, homopolymer beads. A 
similar study was undertaken with 0.54 ml of biodegradable 2-oxepanone homopolymer 
microspheres (n-Heptane (1 2 82-5), 2-Oxepanone, homopolymer) (Polysciences, 
Warrington, PA, USA) added to 30 ml of 1.33% (w/v) low MW chitosan in 1% AA.  
The films were measured with ellipsometry and reflectance spectroscopy before 
and after rinsing with heptane. For this study, first films were covered with heptane in a 
petri dish for 72 hours before measurements were taken. Similarly made films were 
suspended in a solution of heptanes which was allowed to stir for 72 hours. 
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Increasing refractive index with particles.  In an effort to create a film which 
exhibits structural color without a reflective background, particles have been added to 
chitosan solutions to raise the n of the film so that it has enough contrast with the n of 
glass or air to create an interface for light to reflect off. For the end use of nail polish, 
additives which are currently used in cosmetic formulations were received from Avon 
(NY, USA). These particles were used because they are known to be safe for cosmetic 
formulations and have previously been used to enhance the coloration or luster of 
cosmetics. Table 2 details the particles used, particle size, amount added to a 30 ml 
solution of 1.33% (w/v) low MW chitosan in 1% AA, and effective n measured. 
Spectroscopic ellipsometry was used to measure n of all samples. 
 
 
Table 2. Additives and effective n values in solution. 
Particle Size g /30 ml chit. Sol. n 
Boron Nitride 6 μm 0.5 g 1.51 
Tres BN - 0.5 g  1.51 
Micronized 
Diamonds 
2-6 μm 0.5 g 1.51 
Mica 3-10 μm 0.5 g 1.52 
TiO2 31-44 μm 0.5 g 1.52 
Bismuth Oxy 
Chloride 
Large flakes 0.5 g 1.53 
 
 
Pt-Pd sputter coating. Sputter coating, a process usually used to prepare non-
conductive samples for electron microscopy, deposits a fine layer of a heavy metal onto 
samples. At Drexel University’s Materials Characterization Facility, the sputter coater is 
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able to coat samples with a Pt-Pd mixtures. It is reported that this Pt-Pd mixture has a 
refractive index of n = 2.33. Sputter coating for 1 minute results in a coating of Pt-Pd 
which appears to have no light transmission and has a mirror-like surface. But coating for 
10 s, coats samples with a fine layer which is transparent and appears slightly grey. This 
method of coating layers was used to layer with pure chitosan on glass slides and also on 
Avon arylic nail strips. 
Layering with Trialkoxysilane-capped poly(methyl methacrylate-titania). A 
small sample of Trialkoxysilane-capped poly(methyl methacrylate-titania) was obtained 
and based upon the knowledge that this polymer had been reported as having a refractive 
index of  n = 1.8, the solution was coated onto a glass slide and layered with chitosan. 
Attempts to achieve structural color independent of a reflective substrate were 
challenging. Depending on the end use goal, certain restrictions apply. This method of the 
study has been to try many different avenues and at the end of this study determine which 
system is most plausible for future in depth studies. 
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4. Results  
4.1 Surface Plasmon Resonance 
For SPR spectroscopy it is important that the chitosan layer interfaced with the 
metallic substrate (in this case Au) be as thin as possible. This is meant to ensure that the 
effect of anayltes binding to chitosan would have on surface plasmon waves will be close 
enough for sensing. Standard chitosan solutions used for spin coating films for structural 
color studies are too thick at 80 nm, therefore diluted solutions were spin coated. To 
characterize the thicknesses of the films profilometry measurements were taken.  
 
 
Figure 20. Profilometry images of SPR surfaces. 
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Figure 20 shows profilometry images for 2.5/0.5 (v/v) chitosan solution/1%AA 
(a) surface profile and (b) oblique plot, 2.5/1.0 (v/v) chitosan solution/1%AA (c) surface 
profile and (d) oblique plot, 2.5/1.5 (v/v) chitosan solution/1%AA (e) surface profile and 
(f) oblique plot, 2.5/2.0 (v/v) chitosan solution/1%AA (g) surface profile and (h) oblique 
plot, 2.5/2.5 (v/v) chitosan solution/1%AA (i) surface profile and (j) oblique plot. 
Thicknesses could be estimated from these images, though it would be difficult to 
get an exact measurement because of the nature of the characterization technique. Table 3 
shows more accurate values for thicknesses than could be obtained using profilometry. 
By using the following fitting parameters, thickness measurements are calculated by 
Professor Szunerits during SPR characterization: nprism= 1.58, ntitanium= 2.4 + i3.313, 
dtitanium=5nm, nAu=0.197 + i3.467, dAu=50nm, nchitosan=1.56 + i0.0078. Chitosan thickness 
results in Table 3 are in good agreement with ellipsometry measurements. 
 
 
Table 3. Thickness of chitosan films measured with SPR. 
Ratio of 1.33% (w/v) chitosan 
solution/1%AA 
Thickness 
2.5/0.5 ~100nm 
2.5/1.0 ~64nm 
2.5/1.5 ~51nm 
2.5/2.0 ~43nm 
2.5/2.5 ~10nm 
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  21 shows initial SPR spectroscopy results. This data was used to determine the 
sensor chip from all solutions which gave the best response. Films of varying thicknesses 
were measured for pure SPR response. No metal ions were introduced during this test. 
The numbered curves correspond to the following concentrations of chitosan in films: (1) 
2.5/1.0 (2) 2.5/1.5 (3) 2.5/2.0 (4) 2.5/2.5 (v/v) chitosan solution/1%AA (5) Au only. 
Sample 5: 2.5/0.5 (v/v) chitosan solution/1% AA was too thick to measure with SPR. 
 
 
 
 
 
 
  21. Initial SPR spectroscopy results. 
 
 
 
 
 
It was observed after SPR measurements that the resonance angle is shifted 
significantly, intensity of reflected light measured at resonance minimum is increased, 
and the SPR curve is broadened due to the presence of chitosan films. At this point the 
thin film thickness was estimated by fitting theoretical SPR curves to these experimental 
curves. 
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SPR results were as expected. The thinnest chitosan layer gave the best SPR 
results, those closest to the pure gold sample, as observed in Figure 21. The ~10nm 
chitosan layer was used for further testing. 
Table 4 shows surface roughness measurements before and after chitosan 
deposition onto gold substrates.. 
 
 
 
 
Table 4. AFM RMS measurements. 
Surface roughness Au (RMS) 0.54 nm 
Surface roughness Au + chitosan (11 nm) (RMS) 0.85 nm 
 
 
 
 
 
AFM measurements were performed to determine topography before and after 
chitosan deposition. Before deposition the Au surfaces were composed of grains of ~40 
nm size. AFM results are in good agreement with profilometry of surfaces before and 
after chitosan deposition (Figure 22). Profilometry images also show the surface 
uniformity of chitosan layers. 
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Figure 22. Profilometry images of 11nm chitosan/Au film. 
 
 
 
 
 
 
Next, two films (a) Au thin film only and (b) Au thin film coated with (2.5/2.5 
(v/v) chitosan) were exposed to 150 µl of 500 ppm FeNO3 for t =10 minutes each.  Figure 
23 shows the response from each sensor chip. Black data points are before Fe3+ is 
introduced and blue data points are after Fe3+ is introduced. Chitosan (b) clearly shows a 
greater response to the analyte due to the chelation of Fe. 
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Figure 23. SPR results of 500 ppm Fe3+ testing on (a) gold film and (b) gold film with 11 nm 
chitosan. 
 
 
 
 
 
 
After determining the effect the chitosan film had on the SPR signal, the change 
in θSPR was studied in the presence of Fe3+ ions by performing real-time measurement of 
absorption of Fe3+ using 100 ppm Fe3+ (~1.6 mM Fe(NO3)3 in 0.1M PBS) in the cuvette. 
The chitosan coated film had a significantly greater ΔθSPR response as shown in 
Figure 23. The fact that the chitosan/Au response increases with time is one indication of 
the metal binding affinity of chitosan. The Fe3+ ions are attracted to the amine groups of 
the chitosan backbone. As more ions make their way through solution to the film, the 
more intense the response becomes. 
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Figure 24. Real-time absorption of Fe3+ onto an Au film and Au/chitosan film. 
 
 
 
Once it was confirmed that Fe3+ ions could be detected at 100 ppm concentration 
with this system, the detection limit was tested. Change of the SPR resonance angle with 
time due to the addition of Fe(NO3)3 in 0.1M PBS at concentrations ranging from 100 
ppm (~1.6 mM) to 0.250 ppm (~0.4 mM) to Au films covered with 11 nm Chitosan are 
shown in  Figure 25. Figure 25 (a) shows results of testing Fe3+ concentrations of 2.5 
ppm, 25 ppm, and 100 ppm for t = 150 sec, while Figure 25 (b) shows results of testing 
Fe3+ concentrations of 0.25 ppm, 0.43 ppm, 1 ppm, 2.5 ppm for t = 80sec. The results 
show that the film system is sensitive at concentrations of Fe3+ as low as 250 ppb. This 
limit is competitive with other trace metal detection techniques. One benefit to this 
system is that SPR can measure absorption in real-time. 
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Figure 25. SPR results for absorption of various concentrations Fe3+ onto chitosan/Au surfaces. 
 
 
 
 
 
Figure 25 reveals two sets of kinetic events upon chitosan/Fe3+ binding: 0-2.5ppm 
concentrations show complete absorption kinetics at 20 seconds, whereas 25ppm and 
100ppm concentrations experience what appears to be a two-step kinetic event. It is 
believed that this is due to rearrangement of chitosan chains upon binding. 
Similar detection experiments were also performed with Cu2+ ions. The lower 
detection limit was only 10 ppm for this ion. The chitosan/Cu2+ matrix was easily 
decomplexed with 0.1 M EDTA whereas it was impossible for Fe3+ ions to be fully 
removed from the Au/chitosan matrix, This shows the low affinity for binding between 
chitosan and Cu2+ compared with that of Fe3+.  
It has been proposed by Ravi et al. that in the presence of oxygen in acidic 
solutions Fe2+ ions oxidize into Fe3+ ions. This oxidation may interfere with Fe3+ ion 
detection. Because SPR measurements are dependent upon changes in film thickness and 
n, ellipsometry measurements were performed to confirm the theory that chitosan  thin 
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films are selective to Fe3+ ions over Fe2+ ions. Ellipsometric measurements of film 
thickness and n of chitosan thin films are made before and after exposure to Fe3+ and Fe2+. 
Three samples of each are averaged and the thickness and n data is compared.  
 
 
Table 5. Fe2+/Fe3+ dip test results. 
Analyte Average Δd Stdev Average Δn Stdev 
Fe2+ -4.11 2.43 0.0044 0.0021 
Fe3+ -3.95 3.17 0.0100 0.0028 
 
 
Table 5 shows the results of the selectivity testing, which revealed that although 
the thickness change in the presence of both ions were the same, Δn was ~4 times greater 
for Fe3+ ions. This data is in good agreement with SPR results which showed that ΔθSPR 
changed 4 times more for Fe3+ ions than Fe2+ ions. This data along with the fact that Fe3+ 
ions could not easily be removed from the chitosan film confirms the hypothesis that 
there is a preferential binding for Fe3+ ions in chitosan. 
 
4.2 Localized Surface Plasmon Resonance 
At diameters of 5 nm Au NPs reflect in the visible wavelengths around ~350 nm 
giving a red colored solution. In order to determine an effective amount of NPs are 
incorporated in the system so that optimal sensing of the surface plasmon polaritons will 
occur, layers are built up until the film as a whole appears slightly red. Reflectance 
measurement data in Figure 26 of a pure glass slide and a five layer system shows a 
significant red shift.  
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Ellipsometry measurements were used to determine the thickness of films. 
Measurements were taken after each layer deposition. It has been observed that there is a 
significant “sloughing off” of chitosan around edges of films after deposition of three or 
more layers. This can be cited as the source of such large error in the measurements as 
seen in Table 6. 
 
 
Table 6. Thicknesses of each LSPR layer. 
Layer Chitosan/Au NP film 
thickness (nm)
1 154 ± 4 
2 241 ± 38 
3 259 ± 99 
4 414 ± 120 
5 886 ± 165 
 
 
 
Figure 26. Reflectance spectra of glass slide and chitosan/5 nm Au NP film. 
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 Figure 26 shows the reflectance spectra of a glass slide substrate (black) and the 
same substrate coated with five layers of chitosan/Au NP solutions (grey). This 
measurement is used to quantify the red shift which is related to the amount of Au NPs in 
the film. 
Profilometry data (Figure 27) is in agreements with the theory of instability of 
layers as the number of layers increases. Layers (a) and (b) appear smooth. On layer (c) 
there is a noticeable increase in surface roughness, and layers (d) and (e) are significantly 
less uniform than the first layer. The total thickness of the samples measured with 
ellipsometry is shown in Table 6.  
 
 
 
Figure 27. Prolfilometry of LSPR chitosan/5 nm Au NP films. 
 
 
 
 
 
 
 
59 
 
 
Dispersing NPs throughout the film allows for shifts in the surface plasmon waves 
to occur at any height throughout the film. For this reason the thickness of the sample 
was not as important as red-shifting the reflectance to increase the amount of Au NPS in 
the film. We were able to observe shifts in absorption intensity in 900 nm films. 
Correlations between thickness and UV/Vis absorption spectra are not presented here, but 
in the future this may be a useful exercise. 
UV/Vis absorption maximum occurs at λ=517nm due to the LSPR of the Au NPs. 
LSPR signal characteristics such as curve shape, absorption intensity, and position of λmax 
depend on size, shape, density, and dielectric properties of the NPs. The role of the 
surrounding medium is difficult to calculate because of the exact effects the chitosan, 
glass substrate, and water all have on the system, but attempts at quantifying relative 
effects has been made. 
Figure 28 (A) shows UV/Vis absorption spectra of (A) glass slide (red), 
glass/chitosan film (blue), and glass/chitosan/Au NPs film (black). A pure chitosan film 
shows virtually no change in absorption intensity, but upon introducing Au NPs, there is 
a significant increase in the absorption as expected. Figure 28 (B) shows results of a 
simple test to quickly attempt to determine the effect of the chitosan matrix has on the 
LSPR signal. This graph shows the comparison of Au NP in water (black) and embedded 
in chitosan films (green). Water has a refractive index of n=1.33 and chitosan, n=1.54. 
The response of chitosan/Au is slightly shifted to longer wavelengths (λmax, 
chitosan=517nm; λmax, water=512nm) due to the presence of chitosan and absorption intensity 
is increased. 
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Figure 28. UV/Vis absorption spectra of parts of the LSPR sensor. 
 
 
 
 
 
 
One challenge in LSPR spectroscopy is keeping Au NPs stable on the sensing 
substrate. When Au NPs are deposited on glass substrates particles often agglomerate or 
detach over time. In order to determine the stability of the Au NPs in the chitosan matrix, 
UV/Vis absorption was measured for 70 hours at λmax = 517nm. Figure 29 shows the 
results of this test and it can be determined that the chitosan matrix has successfully 
stabilized the NPs without agglomeration or detachment. In the first few hours there is an 
increase in absorption, this is thought to be caused by swelling of the chitosan films in 
water. Depending on the amount of crosslinking, chitosan films can swell in humid 
environments as studied by Murray et al.82 A typical LSPR spectroscopic test is complete 
within one hour, therefore to remove variability caused by this initial swelling, chitosan 
films were soaked in water for one day prior to testing. 
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Figure 29. Long term stability test of chitosan/5 nm Au NP film. 
 
 
 
 
 
 
  Finally, chitosan/Au thin films were exposed to Fe3+ and Cu2+ ions to observe 
changes in absorption intensity. Figure 30 shows the increase in absorption intensity of 
the thin films after exposure to Fe3+. Figure 30 (A) shows the change of UV/Vis 
absorption spectra with increasing concentrations of Fe3+ ions: glass/chitosan/Au NPs in 
water (red), in 0.0079 μM (orange), in 0.097 μM (pink), in 0.89 μM (violet), in 1.88 μM 
(bright blue), in 4.11 μM (dark blue), n 6.50 μM (grey). All concentrations tested resulted 
in an increase in intensity. The calibration curve of Figure 30 (B) shows that intensity 
increases up to 2 µM after which the signal is saturated at 450 nm (grey) and 517 nm 
(black). This saturation is a result of number amine groups available for binding in the 
chitosan matrix. 
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Figure 30. (a) Fe3+ absorption test at various concentrations. (b) Calibration curve. 
 
 
 
 
 
 
The “binding and rinsing” study with Fe3+ shows unambiguously that the LSPR 
response is due to chelation of Fe3+ ions and not a change in n, because after binding, the 
rinsing step does not return to the initial intensity. If the Fe3+ ions were merely causing a 
change in n of the system, the intensity would return to its original value after washing, 
but the remaining increase is an indication of the inability to fully decomplex the sensor 
as reported in SPR testing and therefore evidence of chelation.  
Figure 31 shows the results of UV/Vis absorption spectra of glass/chitosan/Au 
NPs in water (black), after 1hr in 6.34 μM Fe3+ (grey) and rinsing the chelated interface 
with water (blue). 
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Figure 31. Binding and rinsing test with Fe3+. 
 
 
 
 
 
Cu2+ ion sensing capability was different than for Fe3+. The lowest concentration 
detectable was 0.5 mM. A strong λmax dependence was observed for Cu2+ ions as seen in 
Figure 32 (A). The change of UV/Vis absorption spectra with increasing additions of 
Cu2+ glass/chitosan/Au NPs is measured in water (black), in 0.099μM (grey), in 0.5mM 
(red), in 5.98mM (green), in 10.36mM (brown), in 18.29mM (light blue). A calibration 
curve was measured at 450nm (black) and 580nm (green) (B). At 580nm the linear region 
of absorption is observed up to 20 mM concentration. Figure 32 (A) reveals that detection 
is best observed at higher wavelengths even into the infrared region. And the “binding 
and rinsing” study (Figure 33) reveals the weak affinity for chelation of Cu2+ ions by 
chitosan because upon rinsing, the intensity returns to nearly its original value, even in 
the high wavelength region.  
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Figure 32.  (a) Cu2+ absorption test at various concentrations. (b) Calibration curve. 
 
 
 
 
 
Figure 33 shows the UV/Vis absorption spectra of glass/chitosan/Au NP in water 
(black), after 1hr in 6.34 μM Cu2+ (grey) and rinsing the chelated interface with water 
(blue) is presented. 
 
 
 
 
Figure 33. Binding and rinsing test of Cu2+. 
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LSPR spectroscopy utilizes standard laboratory equipment and is proven to be an 
effective method of detecting Fe3+ ions in solution at concentrations as low as 0.5µM. As 
for Cu2+, further studies need to be carried out to determine if higher wavelength 
observations reveal more about the absorption data. Because the intensity increases are 
occurring at the edge of the measureable wavelength limit for our system, there may be 
errors in assuming that limits observed here are finite. Further testing in higher 
wavelength range will be a great benefit to optimizing sensing abilities for Cu2+. 
4.3 Structural Color 
Introducing voids with polystyrene beads. Upon introducing or dissolving 
P(S/V-COOH) beads, no distinct color change was observed. This is not surprising 
because the n values of chitosan and polystyrene (PS) are very similar. Figure 34-36 are 
optical microscopy images used to observe the fluorescent bead dispersion in the chitosan 
film. All three images show good dispersion of the beads throughout the film. Upon 
rinsing the beads out, there should be a nice dispersion of holes remaining where the 
beads were.  
Although profilometry results would suggest that the beads were dissolved after 
rinsing in THF, checking the sample with a fluorescent lamp still showed fluorescence 
throughout the film. One explanation may be that the chitosan film is not stable and 
collapses when beads are dissolved therefore no holes are actually present. Another 
possibility is that PS beads do not actually leave the film, they are merely dissolved out 
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of sphere form and the material is still present throughout the film causing no change in 
thickness or refractive index, therefore leading to no color change in the film.. 
In all descriptions of structural color found in nature, periodicity of voids in 
butterfly wings is emphasized. When introducing P(S/V-COOH) beads into a chitosan 
film, although there is good dispersion as observed in optical microscopy, there is no long 
range order. 
 
 
Figure 34. Optical microscopy of 70 μl of 0.33 μm P(S/V-COOH) beads in 5 ml chitosan 
(unfiltered, 20x mag) 
 
 
 
 
 
 
Figure 35. Optical microscopy of 70 μl of 0.33 μm P(S/V-COOH) beads in 5 ml chitosan   
(filtered. 20x mag) 
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Figure 36. Optical microscopy of 70 μl of 0.33 μm P(S/V-COOH) beads in 5 ml chitosan  
(filtered. 100x mag)  
 
 
 
 
 
 
Figure 37 includes profilometry images taken before and after rinsing 
chitosan/P(S/V-COOH) films in THF. The chitosan film (a), (b) appears smooth. When 
beads are introduced in a separate film (c), (d) there are distinct valleys corresponding to 
beads in the film. After these images were taken, the samples were rinsed with THF. 
Images (e), (f) represent samples which were rinsed in THF. Images (g), (h) represent 
samples which were rinsed in THF and then immediately rinsed in water. It is thought 
that rinsing in water will aid in removing the beads and PS material. 
Image (e) appears to reveal that beads were removed by the look of the empty 
craters on the surface. Image (g) in which the sample was rinsed with water looks similar 
to the original chitosan film, but particles are still present. Again all samples still show 
fluorescent particles in observation with a UV lamp. It appears as though sample (g) is 
simple rehydrated by the water, appearing more like the pure chitosan sample, and 
sample (e) is merely experiencing flattening of the P(S/V-COOH) beads. 
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Figure 37. Profilometry images of dissolution of P(S/V-COOH) beads in chitosan. 
 
 
 
 
 
Introducing voids with biodegradable beads. Similar issues are present in the 
introduction of biodegradable beads in chitosan. One additional issue with this system is 
that the beads are highly toxic. For the end use of nail polish, paints, coatings, or 
packaging, this composition is not safe. Because the beads are not labeled fluorescently, 
observation of dissolving and removing beads was based solely on the appearance of a 
color change in the film, which in this case was not observed.  
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Increasing refractive index with particles. Particles used in this study are 
currently used in cosmetics, therefore they are safe for the intended applications. As 
Table 2 shows, none of the particles added increased the refractive index of chitosan       
(npure chitosan = 1.52) by Δn = 0.05. In some cases such as TiO2 or the micronized diamonds 
the particles are inherently white or grey. This turns the chitosan solution they are 
introduced into that color and resulting films without a reflective substrate are cloudy. As 
Table 2 shows, these particles did not change the refractive index enough to constitute 
reflection of light at a chitosan/particle interface and upon painting the solutions onto 
glass, no distinct color was observed. Also, particles sizes are larger than the wavelengths 
of light we are looking to observe. Structural color occurs when film thickness is on the 
order of a wavelength of light. The large articles may also be interfering with this 
process. 
Layering by sputtercoating with Pt-Pd. Deposition of thick layers of Pt-Pd 
results in a mirrored surface, which is basically no different than the silicon substrate. But 
deposition of a very thin layer of Pt-Pd onto a glass slide appears slightly grey, yet 
transparent. When chitosan is deposited onto this surface, it has background color 
dependence. Although neither surface is reflective, as seen in Figure 38, the film appears 
colorless on a white background, but blue on a black background. This phenomenon is 
quite different form that observed on silicon, because the black and white backgrounds 
are not attached to the surface of chitosan and also they are not reflective. Building upon 
these results, a thin layer of Pt-Pd was sputter coated onto Avon acrylic nail strips. In 
Figure 39, solutions created with currently used cosmetic particles and a few metal ions 
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(known to raise chitosan n) are painted onto nail strips which had been previously coated 
with Pt-Pd by sputter coating.  
 
 
 
 
Figure 38. Sputter coated Pt-Pd on glass slide + chitosan on black vs. white background. 
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Figure 39. Avon nail strips sputter coated with Pt-Pd mixture and chitosan + cosmetic particle 
solutions. 
 
 
 
 
 
Colors were observed on the nail strips coated with Pt-Pd, but there are two issues 
with this system. First off, in order to observe a color the Pt-Pd layer must be 
significantly thicker than in the sample in Figure 38. This leads to nail strips which are 
originally silver. Also, the cost of sputter coating Pt-Pd is high. Realizing this system for 
commercial nail polish or paint is not currently realistic. But the results observed are 
encouraging and reveal possible avenues to pursue for this technology. 
Layering with Trialkoxysilane-capped poly(methyl methacrylate-titania). 
Some of the most encouraging results received are based on a very small sample of 
Trialkoxysilane-capped poly(methyl methacrylate-titania). Because this sample has a 
reported refractive index of n = 1.8, it was thought that it will create the reflectance 
effects needed to observe structural color. Measuring the refractive index using 
ellipsometry resulted in n = 1.73 which is lower than reported, yet within the range 
 
72 
 
needed for layering. When deposited onto a glass slide, the film appears cloudy (Figure 
40). When chitosan is layered on top of that film, and placed on a black background, the 
film appears colored. It is further observed that when the chitosan solution is wet, the 
color is even more intense. This may be because of the effective refractive index in which 
chitosan is combined with water is lowered. 
 
 
 
 
Figure 40. Comparison of TiO2 polymer on glass slide with TiO2 polymer + chitosan on glass 
slide. 
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Figure 41.  Comparing TiO2 polymer layers with aqueous chitosan films on black and white 
backgrounds. 
 
 
 
 
The task of creating a chitosan thin film which exhibits structural color is 
challenging. The varying solutions tested here give encouraging results. With attempts at 
controlling the parameters varied here it should be possible to create this structurally film 
which is independent of a mirrored substrate. 
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6.  Conclusions and Future Work 
 The formation of a chitosan/Au thin film sensor for Fe3+ and Cu2+ has been 
demonstrated. The thickness of the film was tailored to achieve optimal SPR signals. It 
was found that the addition of chitosan to the Au substrate enhanced the ability to 
selectively detect Fe3+ ions. Detection limits as low as 250 ppm (0.4 mM) were observed 
making SPR spectroscopy of chitosan/Au thin films a viable method for detection of Fe3+ 
ions.  
 The formation of a chitosan/5 nm Au NP thin film sensor has also been realized 
for LSPR detection of Fe3+ and Cu2+. Increasing the amount of Au NPs enhanced the 
signal of the UV/Vis spectroscopy. It was also found that chitosan is a successful support 
matrix for Au NPs. After 70 hours of observation, the Au NPs did not agglomerate or 
detach from the surface, as seen by the stability of the absorption intensity. 
The detection limit for Fe3+ was found to be ~ 0.5 μM with a linear range up to   
∼2 μM. For Cu2+ only concentrations higher than 0.5 mM could be detected. The lower 
sensitivity is linked to low chelation affinity of the metallic cation with the chitosan/Au 
NPs matrix. Because it is know that the size and shape of metallic NPs has an effect on 
the LSPR of the particles, further investigation into varying sizes and shapes will help to 
realize an optimized sensor. 
 The challenges involved with these systems involve decomplexing the Fe3+ ions 
from the chitosan matrix. Any metal ions which chitosan has a strong affinity for will be 
difficult to remove. This system is not as attractive if the sensors are not reusable. 
Because this is the first time a chitosan/Au thin film system has been used for this 
purpose, further studies can be used to optimize the system. In addition to finding a 
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method for removing the metal ions, functionalization of the chitosan polymer may help 
to improve selectivity and sensitivity. Based upon studies performed by Cathell et al., 
using thiolated chitosans may provide a matrix for making SPR testing of chitosan/Au 
specific to mercury. Also by functionalizing chitosan with dendrimer molecules, the 
amount of amine groups for binding metal ions can be increased and sensitivity 
optimized. Chitosan has been proven to be an attractive matrix for stabilizing NPs and 
chelating metal ion contaminants. 
 The structural color investigation of chitosan contained herein presents a 
challenging problem. Introducing voids, particles, and layering effects as demonstrated 
here have not yet led to a free standing structurally colored film, but it has been 
demonstrated that using high refractive index polymers, or angstrom thin metallic layers, 
structural color can be observed. By studying natural system such as the blue Morpho 
butterfly or the green Colloodes grayanus beetle it is obvious that there is a precise 
construction which creates these brilliant colors. Further studies should focus on 
engineering systems which have defined structures similar to those found in nature as this 
study has started to investigate. 
 For the end use of nail polish or paint, an inexpensive alternative to Pt-Pd sputter 
coating is necessary. Adding successive layers of Pt-Pd/chitosan to this two layer film 
may create the diffraction grating necessary to achieve structural color without a 
dependence on a specific substrate or a black/white background. Less expensive metal 
sputtering should be explored. 
 Future work in this area should include Film Wizard modeling of known materials 
to be used in the film construction to achieve appropriate layering for specific wavelength 
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reflectance. This will provide a baseline for experimentation. Also further studies should 
be carried out with the ultrathin metallic layers and high refractive index polymers such 
as Trialkoxysilane-capped poly(methyl methacrylate-titania) and Poly(pentabromo-
phenylmethacrylate-co-glycidyl-methacrylate). Colloidal packing of voids by self 
assembly, or etching techniques may be necessary to achieve the long-range order of 
voids in a butterfly biomimetic structure.  
 In general chitosan has been shown here to be a useful polymer for a number of 
functions. It is an attractive polymer for a number of applications because it is non-toxic 
and renewable, two properties which are exceedingly important in the biomaterials field 
today. Because it is readily functionalized by a number of groups its applications in the 
sensors and coatings fields are seemingly limitless.   
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